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INTRODUCTION 
The t r ansmiss ion  of l i g h t  t h r o u g h  seawater is  an  impor t an t  and  f r equen t ly  s tud -  
i e d  parameter i n  oceanography. It  is of i n t e r e s t  f o r  s e v e r a l  r e a s o n s ,  i n c l u d i n g  
measurements of u n d e r w a t e r  v i s i b i l i t y ,  p h o t o s y n t h e s i s  rates, sed imen t   t r anspor t ,   and  
chemical  composition. A r e c e n t  i n t e r e s t  i n  d e t e r m i n a t i o n  o f  o c e a n o g r a p h i c  properties 
by r e m o t e  s e n s i n g  h a s  i n t e n s i f i e d  t h e  r e q u i r e m e n t  for  t h e  basic optical  properties o f  
seawater. For  example, a t  a 1973   confe rence   devo ted   en t i r e ly  t o  hydrographic  mea- 
surements by remote laser s e n s i n g  (ref. l ) ,  e x p e r i m e n t s  were d e s c r i b e d  f o r  d e t e r m i n a -  
t i o n  of   phytoplankton  concentrat ion,  water dep th ,   t empera tu re ,   s a l in i ty ,   s ed imen t  
t r a n s p o r t ,   d i s s o l v e d   o r g a n i c  matter, and o i l  p o l l u t i o n .   I n  almost a l l  t h e s e   e x p e r i -  
men t s ,  t he  t r ansmiss ion  o f  t he  water i s  r e q u i r e d  f o r  c a l i b r a t i o n  o r  d e t e r m i n a t i o n  o f  
t h e  limits of  measurement. 
For t h e  clear waters  of  the  open  sea, abundant  da ta  are a v a i l a b l e  f o r  t r a n s m i s -  
s i o n ,   a b s o r p t i o n ,   a n d   s c a t t e r i n g  a t  va r ious   wave leng ths .   In   e s tua r ine  waters t h e s e  
o p t i c a l  p r o p e r t i e s  are n o t  n e a r l y  so wel l -known,  mainly because the opt ical  proper-  
ties of a given  es tuary  can  change  markedly  with time. In  the  Chesapeake Ray such 
measurements  can be expec ted  to  change  by seve ra l  hundred  pe rcen t  f rom day  to  day  or 
week t o  week. Likewise,  a t  a g iven  time, t h e  v a r i a t i o n s  w i t h  p o s i t i o n  may be of 
similar magnitude. 
From r e c e n t  reports c o n c e r n i n g  e s t u a r i n e  o p t i c s  it has  become e v i d e n t  t h a t  
i n c o r r e c t  v a l u e s  are be ing   u sed   fo r   t he  spectral  a t t e n u a t i o n  c o e f f i c i e n t .  The wide ly  
accepted  measurement  of  spec t ra l  a t tenuat ion  for  the  Chesapeake  Bay was p e r f o r m e d  i n  
1944  by H u l b u r t  f o r  a s ing le   sample   t aken   near   Bloody  Poin t   in   the   upper  Bay. (See  
r e f .  2.)  These  data,   which are shown i n  f i g u r e  1 ,  a p p e a r   i n  almost a l l  t e x t s  con- 
ce rn ing  optical  oceanography and have been used i n  many r e c e n t  p a p e r s  i n  w h i c h  
"Chesapeake Bay t r ansmiss ion"  is r e q u i r e d  t o  s u p p o r t  a c a l c u l a t i o n .  To i l l u s t r a t e  ' 
the  inadequacy  of  these  da ta ,  the  da ta  of  re ference  2 were compared w i t h  r e c e n t  
t r ansmissomete r  s tud ie s  made i n  t h e  l o w e r  Bay by t h e  I n s t i t u t e  of  Oceanography a t  Old 
Dominion Univers i ty ,   Norfo lk ,   Vi rg in ia .  (See r e f .  3.)  Measurements i n   t h e   b l u e -  
g r e e n  s p e c t r a l  r e g i o n  r e s u l t e d  i n  beam a t t e n u a t i o n  c o e f f i c i e n t s  f r o m  2.8 m-' 
t o  5.3 m-l over  a t r ansec t   be tween   t he   V i rg in i a  Capes. H u l b u r t ' s   d a t a   o v e r   t h e  same 
wavelength range are abou t  0.35 m-l , or a fac tor  of  10 ,  lower t h a n  t h e  d a t a  o b s e r v e d  
i n   t h e   p r e s e n t   s t u d y .   F u r t h e r m o r e ,   i n  a s tudy  made i n  1951 , Bur t   ( r e f .   4 )   obse rved  
a t t e n u a t i o n s  c o n s i s t e n t  w i t h  f a i r l y  clear water i n  t h e  u p p e r  Bay ( c  = 0.7 m-l a t  the 
mouth  of t h e  Potomac River) and   w i th   t u rb id  water i n  t h e  lower Bay ( c  = 4.5 m-l a t  
t h e  e n t r a n c e  t o  t h e  James R i v e r ) .  
The p r e v i o u s  d i s c u s s i o n  s e r v e s  t o  p o i n t  o u t  t h e  l a c k  of knowledge about  the 
o p t i c a l - a t t e n u a t i o n  p r o p e r t i e s  o f  e s t u a r i e s  i n  g e n e r a l ,  a n d  of the  Chesapeake Bay i n  
p a r t i c u l a r .  %e problem has  two s a l i e n t   f e a t u r e s :  
( 1 )  Marked v a r i a t i o n s  o f  a t t e n u a t i o n  c o e f f i c i e n t s  w i t h  s p a c e  a n d  time may be 
expec ted .  
( 2 )  The accep ted  va lues  are too small by as much as a n  o r d e r  of magnitude. 
The purpose of t h i s  e x p e r i m e n t  w a s  t o  measure spectral a t t e n u a t i o n  c o e f f i c i e n t s  




























and  over  a wavelength  range  from 3500 t o  8000 A. Measurements  were made on both 
f i l t e r e d  and un f i l t e r ed  wa te r  s amples  i n  o r d e r  t o  s e p a r a t e  e f f e c t s  due to  suspended  
d i s s o l v e d  materials. 
SYMBOLS 
a b s o r p t i o n   c o e f f i c i e n t ,  m -1 
a v e r a g e  a b s o r p t i o n  c o e f f i c i e n t ,  m-’ 
a b s o r p t i o n  c o e f f i c i e n t  f o r  f i l t e r e d  s a m p l e ,  m” 
a b s o r p t i o n  c o e f f i c i e n t  f o r  d i s s o l v e d  o r g a n i c  m a t t e r  (DOM) ,  m -1 
a b s o r p t i o n  c o e f f i c i e n t  f o r  p a r t i c l e s ,  rn-’ 
a b s o r p t i o n  c o e f f i c i e n t  f o r  w a t e r ,  m- 1 
s c a t t e r i n g  c o e f f i c i e n t ,  m - l  
s c a t t e r i n g  c o e f f i c i e n t  w i t h i n  f i e l d  of view ( F O V ) ,  m -1 
s c a t t e r i n g  c o e f f i c i e n t  f o r  p a r t i c l e s  , rn-l 
s c a t t e r i n g   c o e f f i c i e n t   f o r   w a t e r ,  m -1 
beam a t t e n u a t i o n  c o e f f i c i e n t ,  m-’ 
beam a t t e n u a t i o n  c o e f f i c i e n t  f o r  p a r t i c l e s ,  m- 1 
l i g h t  f l u x ,  W 
curren t  produced  by p h o t o m u l t i p l i e r  
a t t e n u a t i o n  c e l l  p a t h  l e n g t h ,  m 
i n d e x  o f  r e f r a c t i o n  
F r e s n e l  r e f l e c t i o n  c o e f f i c i e n t  
t r a n s m i t t a n c e  
measured  t ransmit tance 
t r a n s m i t t a n c e  of c e l l  windows 
d i s t a n c e  a l o n g  c e l l  p a t h ,  m 
s c a t t e r i n g   f u n c t i o n ,  m-l-sr- 1 
increment  
r a t i o  of s c a t t e r i n g  c o e f f i c i e n t  w i t h i n  FOV t o  t o t a l  s c a t t e r i n g  c o e f f i c i e n t  
e s c a t t e r i n g   a n g l e ,   d e  
Abbreviat ions:  
DOM d i s s o l v e d   o r g a n i c  matter 
FOV f i e l d  of  view,  defined on ha l f -angle ,   deg  
uv u l t r a v i o l e t  
EXPERIMENTAL PROCEDURE 
The beam t r a n s m i t t a n c e  i s  given by the  exponen t i a l  decay  l a w  
T = exp(-cL) 
where 
C a t t e n u a t i o n   c o e f f i c i e n t ,  m-l 
L a t t e n u a t i o n   c e l l   p a t h   e n g t h ,  m 
The beam a t t e n u a t i o n   c o e f f i c i e n t  c is t h e  sum of two b a s i c   c o n t r i b u t i o n s :   t h e  
a b s o r p t i o n   c o e f f i c i e n t  a  and t h e  volume s c a t t e r i n g   c o e f f i c i e n t  b. Absorption a 
d e s c r i b e s   t h e   l i g h t  loss d u e   t o   i n t e r n a l   h e a t i n g   o f   t h e  medium, and  b d e s c r i b e s   t h e  
l o s s  due t o  s c a t t e r i n g  o u t  t h e  l i g h t  beam. I n  t u r n ,  
a = a w + a d + a  
P 
b = b w + b  
P 
where 
a b s o r p t i o n  c o e f f i c i e n t  f o r  p u r e  w a t e r ,  m 
a b s o r p t i o n  c o e f f i c i e n t  f o r  d i s s o l v e d  o r g a n i c  m a t t e r  (DOM),  m 
-1 
ad 






s c a t t e r i n g  c o e f f i c i e n t  f o r  w a t e r  ( R a y l e i g h  s c a t t e r i n g ) ,  m 
s c a t t e r i n g  c o e f f i c i e n t  f o r  p a r t i c l e s  (Mie S c a t t e r i n g )  , m-l 
-1 
The two measu remen t s  desc r ibed  in  th i s  pape r  a re  
c = a + b  
3 
.. . 
for  a n  u n f i l t e r e d  sample and 
a '  = a, + ad + b, 
fo r  a f i l t e r e d  sample. Here, bw is  small compared  with aw + ad and may be 
neglected.   (See ref. 5.)  Fur thermore ,   s ince  aw is  known from prev ious  work 
( r e f s .  6 t h r o u g h   l o ) ,  ad, due t o  d i s s o l v e d   o r g a n i c  matter (DOM) which i s  also known 
as Gelbstof  f , can be estimated by 
ad = a '  - 
The a t t e n u a t i o n  by par t ic les  c a n  a l s o  be deduced from the measurements by 
c = a p + b p = c - a l  P 
R e a m  t r a n s m i t t a n c e  is measured by r e c o r d i n g  t h e  r e d u c t i o n  i n  i n t e n s i t y  o f  a 
p a r a l l e l  beam o f  l i g h t  a f t e r  p a s s i n g  t h r o u g h  a g iven   d i s t ance   o f  water. F igure  2 
shows a s c h e m a t i c   d i a g r a m   o f   t h e   o p t i c a l   l a y o u t  of a t y p i c a l   t r a n s m i s s o m e t e r .   L i g h t  
from a small sou rce  i s  co l l ima ted ,  l imi t ed  by a n  a p e r t u r e  stop, and  passed  through 
t h e  sample c e l l  t o  a b a n d p a s s   f i l t e r   a n d   d e t e c t o r .   S e v e r a l   a p e r t u r e s   b e t w e e n   t h e  
c e l l  and   de tec tor  limit t h e  f i e l d  of view f o r  r e j e c t i o n  o f  s c a t t e r e d  l i g h t .  To mea- 
s u r e  t r a n s m i t t a n c e ,  t h e  c e l l  is  moved o u t  o f  t h e  heam t o  r e c o r d  i n i t i a l  i n t e n s i t y  and 
then  is  moved i n t o  t h e  beam t o  r e c o r d  t h e  a t t e n u a t e d  i n t e n s i t y .  S e v e r a l  p o s s i b l e  
sou rces  of s y s t e m a t i c  error i n  t h i s  measurement are g iven  as fo l lows:  
( 1 )  E n e r g y - d e n s i t y  c h a n g e s  i n  t h e  l i g h t  beam and s h i f t  of t h e  image  because of 
t h e  t h i c k n e s s  of t h e  ce l l  
( 2 )  S t r a y  l i g h t  i n  t h e  b a n d p a s s  f i l t e r  
( 3 )  R e f l e c t i o n  l o s s e s  a t  t h e  c e l l  windows 
( 4 )  I n c l u s i o n  of f o r w a r d  s c a t t e r e d  l i g h t  i n  t h e  r e c e i v e r  f i e l d  of view (FOV) 
The th i ckness  o f  t he  c e l l  w i l l  cause  a s h i f t  i n  t h e  f o c a l  p l a n e  i f  t h e  l i g h t  
beam is  n o t  w e l l  co l l imated  and  w i l l  d i s p l a c e  t h e  image l a t e r a l l y  i f  t h e  ce l l  windows 
a r e  n o t  paral le l .  T h i s  p o s s i b i l i t y  w a s  c o n t r o l l e d  by a l i g n m e n t  u n t i l  no d i f f e r e n c e  
could  be  observed  in  the  beam s i z e  a n d  image p o s i t i o n  w i t h  or w i t h o u t  t h e  c e l l .  
S t r a y  l i g h t  was e l imina ted  by the  use  o f  a high-quality monochromator as t h e  
bandpass f i l t e r  a n d  t h e  i n c l u s i o n  o f  a u x i l l a r y  b l o c k i n g  f i l t e r s  i n  f r o n t  o f  t h e  
e n t r a n c e  s l i t .  
R e f l e c t i o n  losses a t  t h e  c e l l  windows were c o r r e c t e d  by c a l c u l a t i n g  t h e  r e f l e c -  
t ance  a t  e a c h  i n t e r f a c e  by us ing  the  F resne l  fo rmula  
4 
where  nl and  n2 are t h e   i n d i c e s   o f   r e f r a c t i o n  on e a c h   s i d e  o f   an   i n t e r f ace .   (See  
r e f .  1 1  .) Table I shows d e t a i l s   o f   t h e   c a l c u l a t i o n .  The e f f e c t i v e   t r a n s m i t t a n c e   o f  




T t r u e  0.92 
- 
The apparatus  used for  measurement  of  beam t r a n s m i t t a n c e  i n  t h i s  e x p e r i m e n t  i s  
shown s c h e m a t i c a l l y  i n  f i g u r e  3. The source  w a s  a 75-W "po in t "  arc lamp f i l l e d  w i t h  
xenon. The lamp produces a strong  continuum  from 3000 8 t o  above 10 000 8 from a 
volume approximately 0.038 c m  i n  d i a m e t e r .  The l i g h t  from the source  w a s  rendered 
paral le l  by a 2.54-cm-diameter   quartz   lens   of   focal   length 20.3 c m .  An a p e r t u r e  
s t o p p e d  t h e  beam  down t o  a 1.2-cm diameter .  The sample c e l l  w a s  machined  from  alumi- 
num t o  have  an  ins ide  d iameter  of  5.08 c m  and was b lack  anod ized  fo r  co r ros ion  resis- 
tance  and minimum r e f l e c t i o n .  The ends were f i t t e d  w i t h  o p t i c a l l y  f l a t ,  W - g r a d e  
q u a r t z  windows which   could   be   eas i ly  removed f o r  c l e a n i n g .  The i n s i d e  d i s t a n c e  
between windows w a s  25.4 c m .  The c e l l  w a s  mounted  on rails so t h a t  it could  be moved 
i n  and out  of t h e  l i g h t  beam wi th  good p r e c i s i o n .  A f i l t e r  h o l d e r  w a s  u s e d  t o  h o l d  
n e u t r a l - d e n s i t y  f i l t e r s  f o r  a d j u s t m e n t  of t h e  l i g h t  l e v e l  a n d  c o l o r  f i l t e r s  t o  h e l p  
i n   r e d u c t i o n  of s t r a y  l i g h t .  The monochromator w a s  a 1/3-m Czerny-Turner  type  with 
a n  S-20 p h o t o m u l t i p l i e r  d e t e c t o r .  The o u t p u t  s i g n a l  w a s  measured  with  an  ammeter 
having a v a r i a b l e  f u l l - s c a l e  s e n s i t i v i t y .  
I n i t i a l  measurements were made  by us ing  pure  water i n  t h e  c e l l  t o  d e t e r m i n e  i f  
t h e  e r r o r s  d u e  t o  ce l l  t h i c k n e s s ,  s t r a y  l i g h t ,  a n d  window re f l ec t ions  had  been  m i n i -  
mized.  In  the  absence  of par t iculates ,  beam a t t enua t ion   c lose ly   approx ima tes   abso rp -  
t i o n  so tha t  a t t enua t ion  measu remen t s  i n  th i s  pape r  can  he  compared  wi th  p rev ious ly  
r e p o r t e d   d a t a   f o r   a b s o r p t i o n  by pure water. (See r e f s .  6 through IO. ) This compari- 
son is shown i n  f i g u r e  4. The p r e s e n t  d a t a  compare w e l l  ove r   t he   en t i r e   r ange   o f  
wavelength ,   and   espec ia l ly  w e l l  a t  wavelengths  above 6000 8.  For t h e  r e l a t i v e l y  
shor t  ce l l -pa th  length ,  the  measurement  i s  more a c c u r a t e  f o r  t h e  a t t e n u a t i o n  c h a r a c -  
t e r i s t i c  of these  wavelengths .  (See appendix A . )  There i s  a l s o  less chance  of 
abso rp t ion  by d i s s o l v e d  i m p u r i t i e s  a t  these wavelengths  than a t  the lower wave- 
l eng ths .  These  measurements  on  pure water i n d i c a t e d  t h a t  e r r o r s  from the   sou rces  
described previously had been minimized. 
The  abso rp t ion  da ta  fo r  pu re  water ( f i g .  4)  i l l u s t r a t e d  how d e c e p t i v e l y  d i f f i -  
cu l t   a t t enua t ion   measu remen t s   can   be .   Con t ro l  of t h e  e r r o r  s o u r c e s  r e s u l t s  i n  a 
t rade-of f   p roblem  because   o f   the   in te rac t ion   of   the   e r rors .   For   example ,   l imi t ing  
t h e  f i e l d  of  view t o  e x c l u d e  f o r w a r d  s c a t t e r i n g  l i g h t  r e q y i r e s  a reduced-entrance 
a p e r t u r e  t o  t h e  r e c e i v e r  a n d ,  c o n s e q u e n t l y ,  a weaker  and more n o i s y   s i g n a l .  U s e  of 
longer  ce l l s  for  wavelengths  of  weaker  absorpt ion (see f i g .  A2 i n  append ix  A )  
i n c r e a s e s  t h e  p o s s i b i l i t y  o f  d i s t o r t i o n  o f  t h e  t r a n s m i t t e d  beam. The p repa ra t ion   o f  
pure water, f r e e  of traces of DOM a n d   p a r t i c l e s ,  is a well-known d i f f i c u l t y .  ( S e e  
ref .   5 ,   ch.   3 . )  This is p a r t i c u l a r l y  t r u e  i n  t h e  W where   s ca t t e r ing   and  DOM absorp- 
t i on   i nc rease   w i th   dec reas ing   wave leng th .   The re fo re ,   t he  scatter i n  d a t a  shown i n  
f i g u r e  4 is n o t  u n e x p e c t e d  a n d  i l l u s t r a t e s  t h e  p r e s e n t  s ta te  of knowledge of water 
abso rp t ion .  
F o r w a r d  s c a t t e r i n g  c a n  g e n e r a l l y  b e  n e g l e c t e d  i f  t h e  FOV i s  r e s t r i c t e d  t o  less 
than  lo. ( S e e   r e f .  5, ch .   3 . )   This   e r ror  i s  d i s c u s s e d   i n   a p p e n d i x  B f o r   t y p i c a l  
o p t i c a l  c o n s t a n t s  w h e r e  it can  be  seen  tha t  an  FOV less than 0.2O should be chosen t o  
ach ieve   e r ro r s   be low 5 pe rcen t .  The exc lus ion  o f  f o r w a r d  s c a t t e r e d  l i g h t  w a s  accom- 
p l i s h e d  by a jud ic ious  use  o f  ape r tu re s  to  min imize  the  FOV. As shown i n  a p p e n d i x  B, 
5 
for  t h e  FOV of the p r e s e n t  a p p a r a t u s  ( 0 . 1 3 O ) ,  t h e  r e s u l t i n g  error i n  the measured 
a t t e n u a t i o n  c o e f f i c i e n t  s h o u l d  be less than 3 pe rcen t .  Note t h a t  t h i s  is n o t  a r an -  
dom error b u t  is a sys t ema t i c   3 -pe rcen t   unde res t ima t ion .   S ince  a/b is  n o t  known, 
a n  a c t u a l  c o r r e c t i o n  c a n n o t  be made. As a check  fo r  scattered l i g h t  i n  t h e  FOV, a 
water sample wi th  c = 7 rn-l was measured  with  both a 0.2O FOV and a O . I o  FOV, the 
reduct ion  be ing  accompl ished  by  reducing  the  s l i t  he igh t  by  a factor of 2. N o  d i f -  
f e rence   cou ld  be observed   in   the   measured   t ransmiss ion .  As described i n  a p p e n d i x  A, 
t h e  random error i n  t h i s  e x p e r i m e n t  is about  5 pe rcen t .  The s y s t e m a t i c  error appears 
to  be b u r i e d  i n  t h e  random error. 
The water samples were f i l t e r e d  w i t h  s t a n d a r d  Gelman f i l t e r s  and f i l t e r i n g  appa- 
r a t u s .  The f i l t e r   f u n n e l  w a s  a P a r a b e l l a   t y p e   f o r  47-mm-diameter f i l t e r   p a d s .  A 
combination of t w o  f i l t e r s  was used which consis ted of  a 0.3-pm f i b e r g l a s s  p r e f i l t e r  
over  a 1.2-pn  membrane f i l t e r .  The former  removes  99  percent  of particles l a r g e r  
t han  0.3 pn, and  the  l a t t e r  has  a pore  diameter   of   1 .2  pm. To a c h i e v e   r e p e a t a b i l i t y ,  
t he   fo l lowing   f i xed   p recedure  was used   fo r  a l l  samples:  ( 1 )  The funne l  was r i n s e d  
wi th  water from  the  sample  jar ;  ( 2 )  a sample  of  100 mL was f i l t e r e d  and  used t o  r i n s e  
t h e  c o l l e c t i n g  f l a s k ;  a n d  ( 3 )  a s u f f i c i e n t  amount  of sample was f i l t e r e d  t o  r i n s e  a n d  
f i l l  t h e  sample ce l l .  
A l l  samples were acqu i red  by the rope-and-bucket technique and were s t o r e d  i n  
widemouth po lye the lene   con ta ine r s .   P re se rva t ives  were not   added,   but   he   samples  
were c h i l l e d  a n d  removed from l i g h t  u n t i l  a t t e n u a t i o n  m e a s u r e m e n t s  w e r e  made.. Mea- 
surements  were per formed wi th in  2 h r  a f t e r  c o l l e c t i o n  f o r  t h e  p i e r  s a m p l e s  and  wi th in  
8 h r  f o r  t h e  s h i p b o a r d  s a m p l e s .  
RESULTS AND DISCUSSION 
Sample c o l l e c t i o n  was undertaken on a week ly  bas i s  du r ing  the  f a l l  o f  1974  a t  
t h e  U.S. Coas t  Guard Rese rve   T ra in ing   Cen te r   i n  Yorktown, V i r g i n i a .  On some days 
samples were a l s o  t a k e n  a t  Newport N e w s  Po in t  on  the  no r th  s ide  o f  Hampton Roads. A 
number  of samples w e r e  t aken  in  the  lower  Chesapeake  Bay and  seaward t o  t h e  
Chesapeake  Light Tower d u r i n g  c r u i s e s  of t h e  R.V. Linwood Holton  during  1975  and 
1976.  For  comparison,  several   samples were t a k e n  i n  t h e  James River  near  Jamestown 
a t  the approximate limit o f  t h e  s a l t - w a t e r / f r e s h - w a t e r  i n t e r f a c e  a n d  j u s t  beyond t h e  
Bay mouth i n  " c o a s t a l  water." A l l  sample s i tes  a r e  shown on t h e  map i n  f i g u r e  5. 
Table I1 shows the  numbering  of   each  sample  a long  with  locat ion,   date ,   tempera-  
t u r e ,   a n d   s a l i n i t y .   T a b l e  I11 shows the   measu red   a t t enua t ion   coe f f i c i en t s   fo r   t he  
u n f i l t e r e d  samples, and  Table I V  shows t h e  m e a s u r e d  a b s o r p t i o n  c o e f f i c i e n t s  f o r  
f i l t e r e d  s a m p l e s .  
The a t t e n u a t i o n  c o e f f i c i e n t s  are shown g r a p h i c a l l y  i n  f i g u r e  6 f o r  s i x  samples 
r e p r e s e n t a t i v e  of t h e  t o t a l  d a t a .  The t r a n s i t i o n   f r o m   c u r v e   t o   c u r v e  i s  well-behaved 
w i t h  no a b r u p t   c h a n g e s   i n   t h e   r e l a t i v e   s p e c t r a l   s h a p e s .  The a t t e n u a t i o n  c o e f f i c i e n t s  
d i sp l ayed  ind ica t e  the  r ange  o f  va lues  to  be e x p e c t e d  i n  t h e  lower Chesapeake Bay. 
The lowest  curve,   sample 1 2 ,  i s  r e p r e s e n t a t i v e   o f  clear c o n d i t i o n s  when land   runoff ,  
plankton  blooms,   and  bot tom  agi ta t ion are minimal. The upper  curve  can  be  exceeded 
when the  sed imen t  i npu t  f rom the  r ive r  i nc reases  fo l lowing  heavy  r a ins  and  when 
s t r o n g  local winds   cause   bo t tom  scour ing .   Examples   o f   the   a t tenuat ion   coef f ic ien ts  
d u r i n g   t h e s e  more t u r b i d   c o n d i t i o n s  are shown i n  f i g u r e  7. It  should  be emphasized 
t h a t   f i g u r e  6 r e p r e s e n t s  a t y p i c a l   v a r i a t i o n   a n d  figure 7 r e p r e s e n t s   t h e   e x t r e m e s  ~ :. 
t h a t  c a n  be  ob ta ined  unde r  the  spec ia l  cond i t ions  ind ica t ed .  
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A s  a check  on sample d e t e r i o r a t i o n  w i t h  time, t h e  a t t e n u a t i o n  c o e f f i c i e n t s  o f  
s e v e r a l  samples were determined first w i t h i n  30 min after c o l l e c t i o n  a n d  a g a i n  1 2  h r  
la ter .  The d e t e r i o r a t i o n   b e t w e e n   t h e  two times w a s  w i t h i n  a few  percent.  Reexamina- 
t i o n  a f t e r  3 days,  however ,  yielded a s i g n i f i c a n t  d i f f e r e n c e  as shown i n  f i g u r e  8. 
Note tha t  t h e  a b s o r p t i o n  c o e f f i c i e n t  d i d  n o t  c h a n g e  s i g n i f i c a n t l y .  
The possible problem of a change i n  t h e  o p t i c a l  p r o p e r t i e s  b e t w e e n  t h e  time o f  
co l lec t ion  and  measurement  w a s  found t o  b e  i n s i g n i f i c a n t  f o r  i n t e r v a l s  o f  less than  
12  hr .  The on ly  p recau t ions  t aken  were to  t r a n s p o r t  a l l  samples i n  a n  ice  c h e s t  f o r  
c h i l l i n g  a n d  removal from l i g h t .  The a t t e n u a t i o n  c o e f f i c i e n t s  d i d  c h a n g e  a f t e r  stor-  
a g e  f o r  3 days i? the   ambien t   cond i t ions   o f   t he   l abo ra to ry .  It w a s  o b v i o u s ' b y  v i s u a l  
i n s p e c t i o n  t h a t  l a r g e  " f l a k e y "  particles had  formed  and s e t t l e d  on t h e  bottom of  the  
sample jar. A f t e r  s h a k i n g   t h e  samples t h e  a t t e n u a t i o n  c o e f f i c i e n t s  were s t i l l  f a r  
less than   t hose   o r ig ina l ly   measu red  as shown i n  f i g u r e  8. A t  t h e  same time, however, 
t h e  c h a n g e  i n  t h e  a b s o r p t i o n  c o e f f i c i e n t  w a s  n e g l i g i b l e .  The e f f e c t s  o f  l o n g e r  sam- 
ple s t o r a g e  time are fo rma t ion  o f  l a rge r  par t ic les ,  probably by agglomeration,  and a 
dec rease  in  a t t enua t ion .  Wha teve r  b io log ica l  and  chemica l  decay  occur red  d id  no t  
r e s u l t  i n  a d d i t i o n a l  DOM d e t e c t a b l e  by abso rp t ion .  
The spectral a b s o r p t i o n  c o e f f i c i e n t s  are n o t i c e a b l y  similar, p a r t i c u l a r l y  w h e r e  
t h e  s a l i n i t i e s  are abou t   equa l .   Fo r   t h i s   r ea son ,   t he   dec i s ion  w a s  made t o  average  
t h e  c o e f f i c i e n t s  a t  each wavelength and t o  c a l c u l a t e  t h e  s t a n d a r d  d e v i a t i o n  as a n  
i n d i c a t o r  o f  v a r i a b i l i t y .  Samples  15  and  16 w e r e  exc luded   f rom  the   averaging   s ince  
they  came f rom f re she r  water where g rea t e r  abso rp t ion  due  t o  DOM might be expec ted .  
The s a l i n i t i e s  f o r  samples 1 and 2 were not   measured;   but   f rom  repeated  s tudies ,  
values  between 20 and 22 par t s  per  thousand (ppt )  have  been  observed  a t  t h e s e  loca- 
t i o n s .  The a v e r a g e   a n d   t h e   s t a n d a r d   d e v i a t i o n   a r e  shown i n  f i g u r e  9.  The pu re  water 
a b s o r p t i o n  a n d  t h e  a t t e n u a t i o n  d a t a  o f  H u l b u r t  ( r e f .  2)  have   been   inc luded   for  com- 
par i son .  The a b s o r p t i o n  c o e f f i c i e n t s  shown i n  f i g u r e  9 i n d i c a t e  p r a c t i c a l l y  no v a r i -  
a t i o n ,  p a r t i c u l a r l y  i f  t h e  f r e s h e r  water si tes,  samples   15  and  16,   are   excluded.  
Note t h a t  f o r  t h e  f r e s h e r  w a t e r ,  t h e  a b s o r p t i o n  a t  s h o r t e r  w a v e l e n g t h s  i n c r e a s e d  w i t h  
decreas ing   sa l in i ty .   These   fea tures   have   been   observed   prev ious ly   ( re f .   12)   and   a re  
a t t r i b u t a b l e  t o  a land-derived source of  DOM wi th  Subsequen t  l i nea r  mix ing  o f  f r e sh  
and s a l t  water. F igure  10 shows t h e  spectral a b s o r p t i o n  c o e f f i c i e n t s  f o r  DOM i n  t h e  
lower  Chesapeake Bay, which w e r e  ob ta ined  by subs t r ac t ing  the  abso rp t ion  due  t o  p u r e  
water from t h e   d a t a   o f   t a b l e  IV. Data o b t a i n e d   i n   t h e  open  ocean  ( ref .   5)   have  been 
inc luded  to  i n d i c a t e  how DOM main ta ins  i t s  s p e c t r a l  c h a r a c t e r i s t i c s  upon subsequent  
d i   l u t i o n .  
The a t t e n u a t i o n  f o r  p a r t i c l e s  w a s  ob ta ined  by  sub t r ac t ing  the  abso rp t ion  coef- 
f i c i e n t  from t h e   c o r r e s p o n d i n g   a t t e n u a t i o n   c o e f f i c i e n t  as shown i n  f i g u r e  1 1 .  This  
f i g u r e  i l l u s t r a t e s  b o t h  t h e  dominance of a t t e n u a t i o n  by particles and  the  cha rac t e r -  
ist ic monotonic  increase of t h e  a t t e n u a t i o n  w i t h  d e c r e a s i n g  w a v e l e n g t h .  
CONCLUDING REMARKS 
The spectral a t tenuat ion  measured  by H u l b u r t  i n  1944 is still w i d e l y  u s e d  i n  t h e  
l i t e r a t u r e  f o r  "Chesapeake Bay a t t e n u a t i o n . "  The a t t e n u a t i o n  f o r  Bay water i n  1944 
was a b o u t  t h e  same as t h e  p r e s e n t - d a y  a b s o r p t i o n  f o r  f i l t e r e d  Ray water. It is  
tempting t o  c o n c l u d e  t h a t  t h e  d i f f e r e n c e  is due t o  inc reased  sed imen t  l oad ing  ove r  
t he   yea r s .   A l though   t h i s  may c o n t r i b u t e  i n  part, t h e r e  is a n  a d d i t i o n a l  c o n s i d e r -  
a t i o n ,   t h a t   o f   g e o g r a p h i c   l o c a t i o n .   H u l b u r t ' s   d a t a  were taken  from a s i n g l e  sample 
ob ta ined   o f f   B loody   Po in t   i n   t he   uppe r  Bay. In   an   i n t e rmed ia t e  time frame,   Burt  
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observed attenuation coefficients of about 0.7 m" i n  t h e  upper Bay and about 4.5 m" 
i n  t he  lower Bay. The po in t  t o  be made"6ere is that because of both  temporal  and 
spa t ia l  var iab i l i ty ,  the  a t tenuat ion  for  a given Chesapeake Bay sample can vary 
between the almost "swimming-pool" c l a r i t y  observed by Hulburt t o  the muddy-river 
tu rb id i ty  of sample 25 i n  t h i s  paper. Presented are both the range to be expected i n  
the absence of storms or heavy spring discharge and the extremes which may be 
obtained. 
Langley Research Center 
National Aeronautics and Space Administration 
Hampton, VA 23665 
February 14, 1983 
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ERROR DUE To READOUT 
The  random error of the  l abora to ry  measu remen t  o f  t r ansmi t t ance  is  l i m i t e d  by 
the p r e c i s i o n  of r ead ing  the ammeter. The r eadou t  is by  means of a n  a n a l o g  scale 
graduated  f rom 0 t o  1 0 0 . i n  i n c r e m e n t s  of 1. The overall sys tem  noise ,   which   inc ludes  
f l u c t u a t i o n s  of the background lamp, p h o t o m u l t i p l i e r  d a r k  c u r r e n t ,  a n d  a m p l i f i e r  
n o i s e ,  is  v e r y  s l i g h t ,  g e n e r a l l y  less t h a n   f l / l - s c a l e   d i v i s i o n .  The error f o r  a 
g iven  scale read ing  is assumed t o  be f l .  
The measured transmittance is  given by 
Tm = Tw exp(-cL) = i/io 
where 
TW t ransmi t t ance  o f  ce l l  windows 
i 0  s i g n a l  c u r r e n t  w i t h o u t  c e l l  
i s i g n a l   c u r r e n t   w i t h  c e l l  
The  root-mean-square  error of Tm i n  terms o f   t h e   f r a c t i o n a l   s t a n d a r d   d e v i a t i o n  
f o r  a q u o t i e n t  ( r e f .  1 5 )  is 
1 /2 
where A i  and Aio are bo th  1 .  The c u r r e n t  io was a lways   ad jus t ed  t o  100 so 
t h a t  T = 0.01 x i. Thus,   equation ( A 2 )  becomes 
The error i n  c a l c u l a t i n g  c from Tm i s  g iven  by d i f f e r e n t i a t i n g   e q u a t i o n  (A1 ) . 
Thus , 
Solv ing   equa t ion   (A l l  fo r  c g i v e s  
APPENDIX A 
The quant i ty  Ac/c x 100 yields  the famil iar  percent  error  for  the measurement of 
c. Figure A1 shows th i s   e r ro r   fo r   t he  0.254-m c e l l  used. Over the  range of c 
expected for the Chesapeake Bay, this  cel l  length gives  a nominal 5-percent e r ro r .  
Figure A2 shows the  e r ror  for  o ther  ce l l  l engths  to  ind ica te  optimum lengths  for  
various attenuations.  A similar treatment of the readout error has been described by 
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Figure A2.- Readout  error for  other  cells  for  1-percent-scale  precision. 
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ERROR DUE TO FORWARD  SCATTERED L I G H T  
Measurement of t h e  a t t e n u a t i o n  c o e f f i c i e n t  r e q u i r e s  t h a t  no s c a t t e r i n g  e v e n t  be 
c o l l e c t e d  by t h e  receiver. However, because of t h e  f i n i t e  FOV, some forward scat-  
t e r e d  l i g h t  d o e s  e n t e r  t h e  r e c e i v e r  optics. The  amount of error t h a t  t h i s  c a u s e s  c a n  
be estimated by  knowing the r e c e i v e r  FOV, a b s o r p t i o n  a n d  s c a t t e r i n g  c o e f f i c i e n t s ,  a n d  
t h e  s c a t t e r i n g  f u n c t i o n .  
The change is f l u x  i n  a beam of l i g h t  p a s s i n g  t h r o u g h  a s c a t t e r i n g  a n d  a b s o r b i n g  
medium of th i ckness  AX and is given  by 
AF = -cF AX = -(a + b ) F  AX 
where b i s  d e f i n e d   i n  terms o f   t h e   s c a t t e r i n g   f u n c t i o n  B ( e )  (ref. 5) by 
To account  for t h e  scattered l i g h t  which  remains  wi th in  the  rece iver  FOV, it is con- 
v e n i e n t  t o  write equa t ion  (B2) as 
b = 271 f F o v  p ( e )  s i n  8 d e  + 271 An s i n  8 d e  
0 
FOV 
where b '  describes t h e  t r u e  loss due t o  s c a t t e r i n g   a n d  bf describes t h e   s c a t t e r i n g  
n o t   r e s u l t i n g   i n  loss. In terms of measured  f lux,  Dm, equa t ion  (B1 ) becomes 
AF = -aF AX - b ' F  AX 
m m m 
I n t e g r a t i n g   e q u a t i o n  (B6) over  X = 0 t o  X = L w i t h   t h e   i n i t i a l   c o n d i t i o n  F = F 
a t  X = 0 g i v e s  
0 
T = . exp(  -cL) exp(bfL)  ' (B7) 
m 
where Tm is  the   measured   t ransmi t tance .  If t h e   f o r w a r d   s c a t t e r i n g   w i t h i n   t h e  FOV 
i s  small, t hen   equa t ion  (B7) reduces  t o  the   u sua l   exp res s ion   ( eq .  ( 1 )  i n  t h e  t e x t ) .  
13 
APPENDIX B 
Rearranging   equat ion   (B7)   g ives  
c = -  -1 
L 
LnT, + bf 
C = C  + b  
m f  
where cm is the   measu red   a t t enua t ion   coe f f i c i en t .  
The f r a c t i o n a l   e r r o r   i n  c then  i s  
Ac 
c - c  bf 
“ - m - -  - 
C C C 
L e t t i n g  bf be a f r a c t i o n ,  6,  of b g i v e s  




c a + b  
-- ”
or 
Ac 6 - - ” 
~ 
C a - +  1 
b 
where 
I f  @ (  8) i s  known, then 6 may b e   e s t i m a t e d   f o r   t h e   r e c e i v e r  FOV and  equa- 
t i o n  (B13)  can  be  used t o  p lo t  error curves  as a f u n c t i o n   o f   t h e  r a t i o  a/b. The 
s c a t t e r i n g   f u n c t i o n  @ ( e )  has   been  measured  for  a number of water types .  (See 
re fs .   12 ,   13 ,   and   14 . )  It s h o u l d   b e   n o t e d   t h a t   t h e r e  is a r e m a r k a b l e   s i m i l a r i t y  
amongst a l l  t he  cu rves  and ,  i n  f ac t ,  t hey  can  be made t o  f a l l  close toge the r  by 
m u l t i p l i c a t i o n  by a c o n s t a n t .  To estimate t h e  FOV error, a t y p i c a l  @ ( 8 )  curve  was 
chosen  and  employed t o  c a l c u l a t e  6 by us ing   equat ion   (B14) .  The curve  used w a s  
t h a t  f o r  t h e  Long I s l a n d  Sound s t a t i o n  d e s c r i b e d  by Mor r i son  in  r e fe rence  14  (see 
f i g .  ( B l ) ) ,  s i n c e  t h i s  s t a t i o n  h a s  a s c a t t e r i n g  c o e f f i c i e n t  t y p i c a l  o f  t h e  C h e s a p e a k e  
Bay ( b  = 2.2 m-l ) and has good small-angle information. 
The 6 r a t i o  c a l c u l a t e d  €or a given  curve w i l l  t y p i f y  a l l  c u r v e s   t o   t h e   e x t e n t  
t o  which a l l  @ (  0)  curves  are r e l a t e d  by a cons t an t .  The 6 ratios were c a l c u l a t e d  
by n u m e r i c a l l y   i n t e g r a t i n g   e q u a t i o n   ( B 1 4 )   f o r   v a l u e s   o f  FOV of 0 . 2 O ,  l o ,  2 O ,  S o ,  
1 4  
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and I O o .  These were t h e n   u s e d   i n   e q u a t i o n  (B13) t o  p r o d u c e  t h e  error cu rves  shown i n  
f i g u r e  B2. The FOV f o r   t h e   a p p a r a t u s   i n   f i g u r e  3 w a s  0.1 3 O .  There fo re ,   t he  error i n  
f o r w a r d  s c a t t e r i n g  l i g h t  i n  t h i s  paper should be less than  3 pe rcen t .  
F igure  B2 i n d i c a t e s  how e a s i l y  t h e  error i n  a t t e n u a t i o n  m e a s u r e m e n t s  c a n  g e t  o u t  
of  hand  by  not  cont ro l l ing  the FOV. A l o  FOV may seem i n t u i t i v e l y  s u f f i c i e n t  b u t  c a n  
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TABLE I.- ESTIMATION O F  REFLECTION LOSS AT CELL WINDOW 
I I I 
I n d e x   o f   r e f r a c t i o n  n f o r  - T 
wave l e n g t h ,  A 
Air ( A )  ( a )  water (w) Quartz (Q) 
3600 0.924 1.348  1.475 1 .ooo 
5890 .928 1.333  1.458  1 .ooo 
7680 .929 1.329 1.454 1 .ooo 
~~ ~~ ~~~~ - 
aT = 0.920 w a s  s e l e c t e d  f o r  a l l  c a l c u l a t i o n s  s i n c e  t h e  c h a n g e  
with  wavelength is small. Rounding t o  t h e  l o w  s ide  was b e l i e v e d  
desirable s i n c e  l o s s e s  f r o m  s u r f a c e  i m p e r f e c t i o n s  a n d  i n t e r n a l  





























TABLE 11.- DETAILS  OF  SAMPLE SITES 
[ L o c a t i o n s  are shown i n  f i g .  5.1 
L o c a t i o n  




































1 1 /5/74 
11/5/74 
1  1 /1 2/74 
11/19/74 









7/12/7  5 
7/1 3/75 




















































a L o c a t i o n s  are d e s i g n a t e d  as f o l l o w s :  Y - USCG, Yorktown; 
N - Newport News P o i n t ;  G, T, and Hl t o  H8 - Lower  Bay; W - Warwick 
R i v e r ,  N e w p o r t  N e w s ;  J - Fer ry   P i e r ,   J ames town;  S - 1 n.mi. w e s t  o f  
James R i v e r  Br idge ;  F - F o r t  Monroe. 
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TABLE IV.- MEASURED ABSORPTION  COEFFICIENTS  FOR  FILTERED  SAMPLES 
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Figure 2.- Beam-transmissometer  optics. 
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Fiqure 3.- Optical  setup  for t h i s  experiment. 
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0 Ref. 6 
0 Ref. 7 
0 Ref. 8 
0 Ref. 9 
0 Ref. 10 
* This paper 
Figure 4.- Beam a t t e n u a t i o n  by pure water. 
37O 30'N 
37O N 
Figure 5.- Location of sample s i t e s .  See table  I1 €or pertinent data.  
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0 Sample 10, York R., 11/12/74 
b Sample 11, York R., 11/19/74 
A Sample 12, Newport News Pt., 11/19/74 
0 Sample 15, Warwick R., 12/13/74 
0 Sample 19, Lower  Ches. Bay, 7/12/75 
0 Sample 23, Lower  Ches. Bay, 7/12/75 
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0 Sample 21, Lower  Ches. Bay, 7/12/75 
0 Sample 25, James R., 5/11/77 
A Sample 26, Ft. Monroe, 9/19/77 
0 Hulburt ( r e f .  2 )  
3000 4000 5000 6000 
Wavelength, A 
7000 8000 
Figure 7.- Zxtreme beam a t t e n u a t i o n  c o e f f i c i e n t s .  
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0 Sample 4, York R., 10/18/74 
A Sample 4, York R., 10/21/74 
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Figure 8.- Change i n  beam a t t e n u a t i o n  of sample 4 a f t e r  3 days.  
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0 Sul l i van   ( re f .  71, pure  water 
0 Clarke and James (ref. 61, pure water 
A Hulbur t  ( re f .  21, Chesapeake  Bay 
--t a, th i s  paper 
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Wavelength, A 
Figure 9.- Measured spec t r a l  abso rp t ion  coe f f i c i en t s  fo r  f i l t e r ed  samples .  
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Sample 16, Warwick R., 12/13/74 
0 Sample 15, York R., 12/13/74 
A 7 samples 1 to  14 
X Jerlov ( ref.  5 ) 
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Fi UIITF! 10.- S D e c t r a l  a b s o r p t i o n  c o e f f i c i e n t s  fo r  DOM. 
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W Figure 11.-  warn a t t e n u a t i o n  c o e f f i c i e n t s  for p a r t i c l e s .  
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